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Since the Industrial Revolution, the consumption of fossil fuels has increased dramatically 
worldwide. The combustion of fossil fuels leads to the generation of carbon dioxide (CO2) 
emissions. CO2 is a greenhouse gas, but also a C1 feedstock that could be utilized for the generation 
of renewable fuels and commodity chemicals. However, CO2 is chemically inert and typically 
demands strong chemical reductants or very negative potentials before it undergoes conversion 
into reduced carbon products. The desire to carry out CO2 conversion in the presence of water 
presents a significant challenge, as protons may be reduced to hydrogen gas rather than facilitating 
the proton-coupled reduction of CO2. Thus, catalysts that are selective for CO2 reduction over 
proton reduction are required. In this context, our strategy for accessing renewable energy involves 
the design of new homogeneous catalysts employing polyaromatic ligand platforms, which aim to 
lower the overpotential for CO2 conversion or be utilized as tunable and stable redox shuttles for 
more efficient dye-sensitized solar cells (DSCs). The rational design, synthesis, and 
characterization of new transition metal complexes, and their application in electrocatalytic CO2 
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 Energy reports in 2014 show total energy consumption of the United States was 98.505 
quadrillion British thermal units (Btu) of energy (or 2485 million tons of oil equivalent) as shown 
in Figure 1. The U.S. Energy Information Agency (EIA) has estimated a 48% increase in global 
energy consumption will occur between 2012 and 2040.2 Energy consumption diagrams show 82% 
of this energy was derived from fossil fuels such as coal, oil, and natural gas (Figure 2).1 
Projections of increased energy consumption are due to new technologies, the development of 
underdeveloped nations, and an increasing world population. The global population in 2014 was 
roughly 7.3 billion people and is projected to increase to around 9.7 billion people by 2050.3 
 
 
Figure 1. Total energy consumption by million tons of oil equivalent (MTOE) reported in 2017. Renewable energy 




Current issues affiliated with fossil fuels include its depletion as a nonrenewable energy source 
and the impact of climate change due to greenhouse gas emissions. The portion of fossil fuels 
(87%) that makes up global energy consumption can be divided into the following subsections: 
coal (22%), natural gas (34%), and oil (44%).4,5 The combustion of these energy resources has led 
to increasing atmospheric carbon dioxide concentrations as depicted in Figure 3. CO2 is a 
greenhouse gas and absorbs heat which would otherwise be emitted into space. The atmospheric 
concentration of carbon dioxide is predicted to have a critical limit of 450 to 500 parts per billion 
(ppb), after which devastating effects from climate change may be unavoidable.6-9  
 
 
Figure 2. Global energy consumption from 1950 by source and projections for future energy consumption. Renewable 






Figure 3. The concentration of carbon dioxide (CO2) in the atmosphere since 1990. There has been an exponential 
increase in atmospheric CO2 since the Industrial Revolution. 
 
 Renewable energy is a sustainable alternative to fossil fuels, but it is a small percentage of the 
total energy consumed in 2017.5 In the renewable energy vector, mechanical strategies utilizing 
instruments through hydroelectric, wind farms, or geothermal plants are proven technologies, but 
are expensive, intermittent, have undesirable aesthetics, require significant land usage, and are 
limited to specific locations. Conversely, catalysts can be employed in other strategies for 
renewable energy by facilitating reactions that convert solar energy into more readily usable forms, 
such as electricity or chemical energy where the energy is stored long-term in chemical bonds. An 
ideal catalyst will be exceptionally stable and capable of large turnover numbers (TON), highly 
active to give a fast turnover frequency (TOF) and be selective for the desired reaction (i.e. CO2 
reduction over H2 generation in the presence of a proton source).  
 Solar-to-chemical energy conversion, or artificial photosynthesis, requires catalysts that can 
use sunlight to drive the conversion of carbon dioxide and water into reduced carbon-based fuels 




catalysts for the reductive half-reaction, CO2 reduction, that occurs in artificial photosynthetic 
devices. Chapter 2 will discuss the development of a different type of catalyst based on copper that 
is part of a more sophisticated device called dye-sensitized solar cells (DSCs) for solar-to-electrical 
energy conversion. In DSCs, transition metal complexes can act as catalysts for electron transfer 
and are generally referred to as redox mediators or redox shuttles. DSCs are evaluated, in part, by 
their incident photon to current efficiency (IPCE). This thesis addresses the design, preparation, 













CHAPTER 1: New Rhenium(I) Tricarbonyl Complexes for CO2 Reduction Catalysis 
 
 Rhenium-based catalysts have been heavily studied as they are generally durable and have high 
selectivity for CO2 reduction in the presence of proton sources, such as water. The rhenium metal 
center is often supported by an aromatic nitrogen-donor ligand. The prototypical ligand is 2,2′-
bipyridine (bpy), as in Re(CO)3Cl(bpy), and substituted derivatives, which follows from the 
original research reported in the early 1980s. Re(I)-tricarbonyl complexes facilitate the reduction 
of CO2 to carbon monoxide (CO), a two-electron reduction, with moderate-to-high Faradaic 
efficiencies (FE) and turnover frequencies (TOF). Since its inception, rhenium tricarbonyl 
compounds have also gained significant attention for photocatalysis due to their ability to act as 
both a light absorber and a catalyst in one self-contained system.11-25 
 Our attention specifically focused on investigating isomeric rhenium terpyridine (tpy) 
complexes and their catalytic behavior. An uncoordinated pyridine substituent was incorporated 
in the 5 or 6 position of the coordinated bipyridine moiety in order to explore a structure-activity 
relationship (Figures 4 and 5). The uncoordinated pyridine of each isomer was then methylated to 
potentially enhance CO2 catalysis via an extra ligand-based reduction. We reasoned that the 
positively charged methylpyridinium on the conjugated π-system could lower the overpotential, 




Given the interesting CO2 reduction activity observed with rhenium catalyst 1, we were also 
inspired by a previously reported rhenium NHC catalyst that showed similar catalytic behavior at 
the first reduction. We hypothesized that we could improve upon the low overpotential catalytic 
activity of 1 by preparing an N-heterocyclic carbene (NHC) analogue as summarized in Figure 6. 
Rhenium(I) tricarbonyl complexes bearing an NHC moiety were first reported in 1992 and 
scientists have since explored their performance in both electro- and photocatalytic CO2 reduction. 
NHCs allow for the possibility of π-back bonding via the low-lying empty p-orbital on the carbene 
carbon which may assist in the stabilization of low-valent metals. Systematic tunability can also 
be employed via adjacent nucleophilic substitution of the adjacent nitrogen atoms on either side of 
the carbon donor.45   
 Isomeric changes for the terpyridine platform will allow for an angstroms (Å) change in 
distance yet an informative hypothesis in catalytic activity at the first reduction of 1. The simplest 
synthetic adjustment would be to shift the nitrogen donor of the pendent pyridine to the meta (m) 
position with respect to the bipyridyl fragment identified as catalyst 6. Rhenium catalyst 6 resulted 
in similar reductive behavior under anhydrous conditions to 1. Proton sources showed no increase 
in catalytic current for the first reduction and a typical improvement in catalytic activity at the 
second reduction, akin to Re(CO)3Cl(bpy), with the exception of phenol which showed an increase 




Synthesis and Rhenium Catalysts (1-6)  
Commercially available terpyridine and Re(CO)5Cl was refluxed in toluene to afford the 
rhenium complex in 90% yield. The rhenium compound was then reacted with trimethyloxonium 




Figure 4. Synthetic route for first isomer of Re(CO)3Cl(tpy) [1] and its methylated analogue, Re(CO)3Cl(N-methyl-
tpy) [2]. The pendant pyridine is at the 6 position of the coordinated bipyridine fragment. 
 
Stille coupling utilizing 2,5-dibromopyridine and 2-(tributylstannyl)pyridine was performed to 
afford 5-bromobipyridine in 54% yield. Suzuki coupling with 5-bromobipyridine and 4-pyridyl 
boronic acid afforded the final terpyridine ligand in 75% yield. Terpyridine was reacted with 
Re(CO)5Cl to afford the rhenium complex in 60% yield. Methylation of the pendent pyridine was 





Figure 5. Synthesis of second isomer Re(CO)3Cl(tpy) [3] and its methylated analogue, Re(CO)3Cl(N-methyl-tpy) 
[4]. The pendant pyridine is at the 5 position of the coordinated bipyridine fragment. 
 
2-bromopyridine was reacted with imidazole via nucleophilic aromatic substitution to afford 
the 2-imidazole pyridine in 90% yield. The imidazole pyridine was then reacted neatly with 2-
bromopyridine to afford the imidazolium salt. Counter ion exchange with excess NH4PF6 resulted 
in the precipitant imidazolium salt in 73% yield. The rhenium complex was synthesized using 
Re(CO)5Cl and an equivalent of K2CO3 with the imidazolium salt in 65% yield (figure 6). 
 
 
Figure 6. Synthetic route for Re(CO)3Cl dipyridyl NHC complex [5]. 
  
Bpy was reacted with methyl iodide (MeI) for resulting in a methylated bipyridine salt in 31% 




the bipyridinone intermediate in 70% yield. The oxidized intermediate was then reacted with 
phosphorus oxybromide and phosphorus bromide to form the brominated intermediate in 85% 
yield. Suzuki coupling was then performed to complete the final ligand m-terpyridine in 65% yield. 
 
Figure 7. Synthetic route for Re(CO)3Cl(m-tpy) complex [6]. 
 
Electrochemistry of Rhenium complexes (1-6). 
Interestingly, rhenium catalyst 1 shows notable catalytic activity at the first reduction when a 
proton source is introduced. Anhydrous conditions show typical behavior observed of most 
rhenium polypyridyl catalysts under CO2 atmosphere in which a catalytic wave is triggered at the 
second reduction. However, the pendent pyridine facilitates new activity at the first reduction in 
the presence of certain acids as shown in Figures 8-12 below.  
Catalysts 2-4 produce similar changes in activity when comparing the observed current in 
argon-saturated solutions to CO2-saturated solutions, that is, under inert conditions and under 
catalytic conditions, respectively. We hypothesize that the reduced catalysts in these cases are 
relatively stable and only moderate catalytic activity is observed. Cyclic voltammetry indicates 
that the charged isomers actually hinder CO2 reduction on the basis of the calculated icat/ip ratio of 




respectively. Various proton sources were also screened with catalysts 2-4 resulting in only an 
incremental improvement in the current response. From these observations, the pendant 
terpyridinium isomers appear to act as an electron sink in which the added electron is stabilized on 
the ligand platform rather than enhancing the desired multi-electron conversion of CO2.  
Rhenium NHC complex bearing the pendant pyridine exhibited less catalytic activity 
compared to 1 at both reductions. Methylation of the NHC moiety was not pursued due to the poor 
activity observed with methylated rhenium tpy isomers 2 and 4, which was not beneficial for 
catalysis. Our attempts at further improving catalysis at the first reduction via an NHC derivative 
of 1 were brief and unsuccessful.  
Four Brønsted acids (water, methanol, trifluoroethanol, and phenol) were investigated to probe 
the influence of proton sources on catalytic activity. Their acidities, based on pKa values reported 
in dimethyl sulfoxide (DMSO), include water (31.4) as the least acidic, methanol (29.0), 
trifluoroethanol (23.5), and phenol (18.0) as the most acidic.14-15 A comparable enhancement in 
catalytic current is observed in cyclic voltammograms with added H2O and methanol (Figures 13 
and 14, respectively), which includes catalysis at a lower overpotential due to the activity that 
occurs at the first reduction. A negative electrochemical reduction shift  is observed when 
concentrations of H2O are increased. This response in activity indicates the pendent pyridine is 
likely integral to facilitating a proton-coupled reduction of CO2 at the first reduction. In contrast, 
CO2 reduction activity with the more acidic proton sources, trifluoroethanol (TFE), and phenol, is 
diminished due to competitive proton reduction (Figures 15 and 16, respectively). The cyclic 
voltammograms under Ar with TFE and phenol are comparable to those under CO2, indicative of 
proton reduction to H2 since a catalytic wave is observed even in the absence of CO2 as a substrate. 




catalyst, but only a slight increase in reactivity at the second reduction was observed. This increase 
in current pales in comparison to its rhenium tpy counterpart 1. 
 
 
Figure 8. Cyclic voltammetry with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with a glassy carbon disk (3 mm dia.) 




















Figure 9. Cyclic voltammetry with 1 mM of catalyst 2 in DMF / 0.1 M TBAPF6 with a glassy carbon disk (3 mm 
dia.) working electrode, ν = 100 mV/s. 
 
Figure 10. Cyclic voltammetry with 1 mM of catalyst 3 in DMF / 0.1 M TBAPF6 with a glassy carbon disk (3 mm 





















Figure 11. Cyclic voltammetry with 1 mM of catalyst 4 in DMF / 0.1 M TBAPF6 with a glassy carbon disk (3 mm 
dia.) working electrode, ν = 100 mV/s. 
  
Figure 12. Cyclic voltammetry with 1 mM of catalyst 5 in DMF / 0.1 M TBAPF6. Glassy carbon disk working 























































Figure 13. Cyclic voltammetry with 1 mM of catalyst 6 in DMF / 0.1 M TBAPF6 with a glassy carbon disk working 



































Figure 14. Cyclic voltammetry with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% H2O as a proton source 



































Figure 15. Cyclic voltammetry with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% methanol (MeOH) as a 







































Figure 16. Cyclic voltammetry with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% trifluoroethanol (TFE) as 
































Figure 17. Cyclic voltammetry with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% phenol as a proton source 





























with varying water concentration under argon
 
Figure 18. H2O concentration dependence of catalyst 1 under Ar. Cyclic voltammetry with 1 mM catalyst of 1 in 
DMF / 0.1 M TBAPF6 with increasing concentrations of added H2O using a glassy carbon disk (3 mm dia.) working 


































Figure 19. H2O concentration dependence of catalyst 1 under CO2. Cyclic voltammetry with 1 mM catalyst of 1 in 
DMF / 0.1 M TBAPF6 with increasing concentrations of added H2O using a glassy carbon disk (3 mm dia.) working 







Figure 20. Cyclic voltammetry of 1 mM of catalyst 5 in DMF / 0.1 M TBAPF6 containing 5% MeOH. Glassy carbon 
disk working electrode, ν = 100 mV/s. 
 
 
Figure 21. Cyclic voltammetry of 1 mM of catalyst 5 in DMF / 0.1 M TBAPF6 containing 5% H2O. Glassy carbondisk 






















































Figure 22. Cyclic voltammetry with 1 mM of catalyst 6 in DMF / 0.1 M TBAPF6 containing 5% H2O with a glassy 
carbon disk working electrode, ν = 100 mV/s. (icat/ip ≈ 4.0 at the second reduction). 




















Figure 23. Cyclic voltammetry with 1 mM of catalyst 6 in DMF / 0.1 M TBAPF6 containing 5% MeOH with a glassy 
























Figure 24. Cyclic voltammetry with 1 mM of catalyst 6 in DMF / 0.1 M TBAPF6 containing 5% TFE with a glassy 























Figure 25. Cyclic voltammetry with 1 mM of catalyst 6 in DMF / 0.1 M TBAPF6 containing 5% phenol with a glassy 
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Figure 26. Catalyst concentration dependence of catalyst 1 under CO2. Cyclic voltammetry with 1 mM catalyst of 1  
in DMF / 0.1 M TBAPF6 using a glassy carbon disk (3 mm dia.) working electrode, ν = 100 mV/s. Rhenium catalyst 


























Figure 27. Controlled potential electrolysis (CPE) with 1 mM of catalyst 1 in anhydrous DMF / 0.1 M TBAPF6 
(without added acid) using a glassy carbon rod working electrode at an applied potential of 2.50 V. The background 
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Figure 28. Controlled potential electrolysis (CPE) with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% added 
methanol using a glassy carbon rod working electrode at an applied potential of 2.25 V. The background current is 
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Figure 29. Controlled potential electrolysis (CPE) with 1 mM of catalyst 1 in DMF / 0.1 M TBAPF6 with 5% water 
added using a glassy carbon rod working electrode at an applied potential of 2.45 V. The background current is shown 








Figure 30. Scan rate (ν) dependence with 1 mM of catalyst 6 under Ar in DMF / 0.1 M TBAPF6 using a glassy carbon 



























Figure 32. Scan rate (ν) dependence of with 1 mM of catalyst 6 under CO2 in DMF / 0.1 M TBAPF6 using a glassy 













Figure 33. Scan rate (ν) dependence of catalyst 6 under CO2 with respect to the square root of scan rate. 
 
Mechanistic Discussions of Catalyst 1.  
We understand that a one electron ligand reduction (i.e. bpy to bpy•–) allows for the dissociation 
of the chlorine atom from the rhenium center via ligand metal charge transfer (LMCT).139 All 
second reduction intermediate pathways discussed in previous literature lead to a finalized 
intermediate of Re0(CO)3(bpy
•–) complex before active catalysis (Figure 34). As we see in catalyst 
6, a parallel reduction behavior can be observed to Re(CO)3Cl(bpy).
139,140 
 
Figure 34. Two electron reduction cycle to generate Re0(CO)3Cl(bpy
.-) active state. Intermediate steps leading to the 




Evidence supporting a proposed mechanism for 1 is currently under investigation. Our 
voltammogram sweeps show a proton coupled electron transfer (PCET) based mechanism. We are 
currently suggesting a mechanism in which proton sources are responsible in generating a pendent 
pyridinium. The pyridinium upholding a positive charge can allow a two-electron process which 
is responsible for the amplified response at the first reduction. Ferrocene, being a one-electron 
reduction process, can be used as a standard for screening the number of electrons at the first 
reduction. Our justification on electrons being introduced into our catalytic system is a stepping 
stone to understanding the mechanism. 
Experimental Section for Rhenium Complexes 1-6. 
Electrochemical Measurements. Cyclic voltammetry of the rhenium catalysts was performed 
with either a Bioanalytical Systems (BASi) or CH Instruments potentiostat using a typical three-
electrode cell equipped with a glassy carbon disk (3 mm dia.) working electrode, a platinum wire 
counter electrode, and a silver wire quasi-reference electrode. Rhenium catalysts were dissolved 
in N,N-dimethylformamide (DMF) containing 0.1 M tetra-n-butylammonium 
hexafluorophosphate (TBAPF6) as the supporting electrolyte. The potential was referenced at the 
end of experiments by adding ferrocene as an internal standard. All potentials are versus the 
ferrocenium/ferrocene (Fc+/0) couple. 
Materials and Methods. Unless otherwise noted, all synthetic manipulations were performed 
under a dinitrogen atmosphere using standard Schlenk techniques or in an MBraun glovebox. 
Anhydrous N,N-dimethylformamide (DMF) was purchased from AlfaAesar and packaged under 
argon in ChemSeal bottles. Toluene was dried with a Pure Process Technology solvent purification 
system. The rhenium precursor Re(CO)5Cl was purchased from Strem and stored in the glovebox. 




without further purification.1H and 13C NMR spectra were obtained using a Bruker Advance 
DRX-500 spectrometer operating at 500 MHz (1H) or 126 MHz (13C). Spectra were calibrated to 
residual protiated solvent peaks; chemical shifts are reported in ppm. Electrospray ionization mass 
Spectrometry (ESI-MS) spectra were obtained with a Waters SYNAPT HDMS Q-TOF mass 
spectrometer. 
Synthetic Procedures. 
Re(CO)3Cl(tpy) [1] – terpyridine (0.100 g, 0.43 mmol) and Re(CO)5Cl (0.155 g, 0.43 mmol) 
were dissolved into 20 mL of dry toluene. The suspension was refluxed for 24 hrs resulting in a 
yellow suspension. The solvent was removed and purified via crystallization using ether diffusion 
into acetonitrile. The resulting crystals were washed with ether and used without further 
purification. (90%).16  
Re(CO)3Cl(N-methyl-tpy) [2] – Re(CO)3Cl(tpy) (0.050 g, 0.093 mmol) and O(Me)3BF4 (0.015 
g, 0.095 mmol) were dissolved into 20 mL of dry MeCN. The suspension was refluxed for 2 hrs 
resulting in an orange suspension. The solvent was removed and purified via crystallization using 
ether diffusion into acetonitrile. The resulting orange crystals were washed with ether and used 
without further purification. (65%).17 
5-Bromo-2,2'-bipyridine - 2,5-Dibromopyridine (7.24 g, 30.56 mmol) was added to a solution 
of 2-(tributylstannyl)pyridine (9.0 g, 24.45 mmol) in dry toluene (25 mL), and the reaction mixture 
was degassed for 10 min. Then, [Pd(PPh3)4] (0.705 g, 0.61mmol) was added and the mixture was 
degassed again and heated to 120 °C under stirring. After 24 h the mixture was cooled and poured 
into 2M NaOH. The phases were separated, and the aqueous layer was extracted with toluene (3 x 




pressure. The crude material was purified by flash column chromatography (hexane/EtOAc 9:1) 
to afford the product (4.52 g, 79%) as a white solid.18 
2,2'-5',4''-terpyridine - 5-Bromo-2,2'-bipyridine (0.250 g, 1.05 mmol), 4-pyridyl boronic acid 
(0.131 g, 1.05 mmol), [Pd(PPh3)4] (0.025 g, 0.02 mmol) and were dissolved into 10 mL of a 2M 
K2CO3 solution of toluene : EtOH (1:1). The mixture was refluxed and stirred for 24 hrs and the 
solvent was removed under reduced pressure. The solid was then subjected to column 
chromatography using hexanes : EtOAc (9:1) to isolate the product as a white solid (75%).19 
Rhenium(2,2'-5',4''-terpyridine) [3] -  2,2'-5',4''-terpyridine (0.100 g, 0.43 mmol) and 
Re(CO)5Cl (0.155 g, 0.43 mmol) was suspended into 10 mL of dry toluene. The mixture was 
stirred and refluxed for 24 hrs and cooled to room temperature. The solvent was removed under 
reduced pressure and purified using a short silica plug using DCM to remove unreacted Re(CO)5Cl 
and the product was eluted using a 15% methanol in DCM resulting in a yellow solid (60%).16 
Rhenium(2,2'-N-methyl-5',4''-terpyridine) [4] - Rhenium(2,2'-5',4''-terpyridine) (0.050 g, 0.10 
mmol) and O(Me)3BF4 (0.015 g, 0.095 mmol) were dissolved into 20 mL of dry MeCN. The 
suspension was refluxed for 2 hrs resulting in an orange suspension. The solvent was removed and 
purified via crystallization using ether diffusion into acetonitrile. The resulting orange crystals 
were washed with ether and used without further purification. (60%).17 
2-pyridyl imidazole - 2-bromopyridine (1 mmol, 0.158 g), imidazole (1.25 mmol, 0.085 g), and 
K2CO3 (1.5 mmol, 0.207 g) were stirred neatly at 190 ℃ for 24 hrs. The resulting mixture was 
added to water and extracted with dcm resulting in a white solid (90%). NMR matched previously 
reported literature.20 
Dipyridyl imidazolium hexafluorophosphate - 2-pyridylimidazole (0.363 g, 2.5mmol) and 2-




solution of saturated NH4PF6 was added to the mixture and stirred for five minutes. A brown 
precipitate formed which was isolated via frit filtration resulting in the imidazolium salt (73%). 
NMR matched previously reported literature.21 
Re(CO)3Cl dipyridyl NHC [5] - Dipyridyl imidazolium salt (0.135 mmol, 0.050 g), K2CO3 
(0.38 mmol, 0.052 g), and Re(CO)5Cl (0.1375 mmol, 0.050 g) were dissolved into dry toluene. 
The initial clear and colorless mixture was refluxed for 24 hrs resulting in a yellow suspension. 
The toluene was removed under reduced pressure and product was purified via short silica column 






Figure 35. 1H NMR (top) and 13C NMR (bottom) of catalyst 5. 
 
Methyl-bipyridine iodide – 2,2’-bipyridine (2.00g, 12.8 mmol) and methyl iodide (1.82g, 12.8 




solid was washed with ether to removed unreacted bipyridine. (31%) NMR matched previously 
reported values.21 
Methyl-bipyridinone – N-Methyl bipyridine iodide (1.185 g, 4 mmol), NaOH (6.4 g, 160 
mmol),and K3Fe(CN)6•3H2O (6.58 g, 20 mmol) were all separately dissolved into deionized water.  
The NaOH and bipyridine salt solutions were added dropwise into the K3Fe(CN)6 3H2O solution 
in an ice bath. After the addition of both solutions, the mixture was allowed to warm to room 
temperature and allowed to stir for 2 days. The product was extracted with dichloromethane 
(DCM) (20 mL x 3) and purified via short silica column. The solvent was evaporated under 
reduced pressure resulting in formation of a brown solid (70%). NMR matched previously reported 
values.22 
6-bromo-bipyridine – Methyl-bipyridinone (0.500g, 2.68mmol), POBr3 (1.54 g, 5.36 mmol), 
and  PBr3 (1.45 g, 5.36 mmol) were prepared under nitrogen atmosphere in a pressure flask. The 
solution was then heated to 105 ℃ for 48 hrs. The mixture was allowed to cool to room temperature 
and 30% NH4OH solution was slowly added to quench and basify the phosphorus reagents. An 
additional 50 mL of water was added to the solution and a brown solid was filtered via filtration. 
The product was isolated through column chromatography using hexanes : EtOAc (9:1) to separate 
the product as a white powder (85%). NMR matched previously reported values.23 
m-terpyridine – 6-bromo-bipyridine (0.400g, 1.70 mmol), 3-pyridine boronic acid (0.233 g, 
1.90 mmol), and Pd(PPh3)4 (0.044 g, 0.04mmol) was dissolved into 2M K2CO3 solution of toluene 
(10 mL). The mixture was refluxed under nitrogen for 24 hrs and cooled to room temperature. 
Water was added to the solution to extract impurities from the mixture while keeping the toluene 




The solid was subjected to column chromatography hexanes : EtOAc (9:1) to isolate m-terpyridine 
as a white powder (65%). NMR matched previously reported values.24 
Re(CO)3Cl(m-tpy) [6] - m-terpyridine (0.050 g, 0.2 mmol) and Re(CO)5Cl (0.078 g, 0.2 mmol) 
were added to 10 mL of dry toluene. The clear solution was refluxed under nitrogen atmosphere 
for 24 hrs resulting in a yellow suspension. The solvent was removed under reduced pressure and 
washed with Et2O. The yellow solid was then subjected to a short silica plug to using DCM to 
removed unreacted Re(CO)5Cl and then was eluted with a 15% methanol solution in DCM to 
remove the product as a fine yellow powder. (73%) 1H NMR – DMSO; δ9.04 (1H), 8.81 (2H), 

















CHAPTER 2: Copper-Based Redox Mediators Supported by Rigid Tetradentate Ligands 
for Dye-Sensitized Solar Cells 
 





Solar-based energy conversion strategies are attractive given the abundance of solar energy 
that hits the Earth’s surface. Dye-sensitized Solar Cells (DSCs) are inexpensive and highly-
processable photovoltaic devices that allow direct conversion of sunlight-to-electrical energy. 
Briefly, DSCs are comprised of a semiconductor photoelectrode and a counter electrode that are 
coupled through an external circuit and a redox electrolyte in solution between the two electrodes. 
The photoelectrode has dye molecules anchored to its surface which are exposed to a redox 
mediator in solution which relays electrons between the two electrodes during photoexcitation. 
Initiation of the electron relay occurs as the dye absorbs light to promote an electron into an excited 
state that is capable of transferring the excited electron into the conduction band of the 
semiconductor. As a consequence, the dye molecule is oxidized, generating a hole. The mediator, 
such as the classical iodide/triiodide (I–/I3
–) electrolyte, regenerates the dye via electron transfer 
which is then ready to absorb another photon to begin the process anew. The photo-excited electron 
simultaneously moves from the conduction band through the external circuit to the counter 
electrode where it will reduce the oxidized mediator and complete the circuit. If the solar cell is 
optimized correctly, continuous redox chemistry can be achieved with low potential inputs. The 
iodide/triiodide redox shuttle has been used extensively in DSC devices, resulting in a record 
efficiency of 11.1% for I–/I3
–-based devices.142 However, advancements in DSCs have 
demonstrated that the I–/I3
– electrolyte has limitations that hinder the development of more efficient 
devices. Its primary shortcomings are that it cannot be tuned, and it operates through a two-electron 
process that causes additional voltage losses beyond what is required for sufficient driving force 




Redox shuttles employing first-row transition metals, such as cobalt and copper, have been 
developed for DSCs that utilize well-defined one-electron redox couples for electron transfer and 
have considerable tunability through ligand modifications to match redox potentials with the dye. 
A predominant drawback of cobalt redox shuttles is the rate of electron recombination leading 
toward a lack of dye regeneration during photoexcitation as demonstrated by Grätzel with 
[Co(bpy)3]
3/2+. Different analogs, such as cobalt bis(trithiacyclononane) [Co(ttcn)]3/2+, were also 
reported as an attempt to decrease recombination but resulted in similar behavior to 
[Co(bpy)3]
3/2+.143-145 In comparison, copper-based redox mediators permit the regeneration of 
oxidized dyes at almost unity yield and driving force potentials as low as 0.1 V due to their lower 
reorganizational energies. The electron recombination rates of Cu(II) are also slower as verified 
by their longer excited state lifetime measurements which is significant in allowing dye 
regeneration. Copper systems have reached optimal efficiencies up to 10.3% using the Y123 dye, 
slightly under the iodide/triiodide electrolyte.143 Opportunities to improve these redox mediators 
have led us to study the electronic effects of bidentate ligands. Attempts at tuning the redox 
chemistry with electron withdrawing bipyridyl platforms resulted in ligand dissociation in 
coordinating solvents, implying that a stronger chelate effect is required to improve stability and 
allow a wider range of tunability.149-151 
In this context, we turned our attention to tetradentate ligands and were intrigued by rigid 
preorganized frameworks that could have addition benefits beyond stability. For example, several 
biphenyl-based ligands have been used to model blue copper protein active sites. Metalloenzymes, 
such as plastocyanin and azurin, exhibit fast electron transfer kinetics, which is thought to arise 
from the low inner-sphere reorganization energy associated with their nearly isostructural Cu(II/I) 




substituted phenyl groups are not coplanar, allowing the appended donors to bind at a single metal 
center and prevent the favored square planar geometry of Cu(II). Donors are bonded to the 2,2’ 
positions of the backbone to provide a rigid assembly which offers a pseudo tetrahedral geometry 
and stronger chelation effect. Contrary to substituted bipyridines, a tetradentate coordination 
environment could allow the incorporation of electron withdrawing groups on the ligand 
framework while maintaining sufficient stability for the copper redox system. 
 Evidence from this first-generation series led us to design a second generation rigid tetradentate 
framework. This new preorganized ligand framework bis(phenylpyridine)bipyridine 
(bis(ppy)bpy) enforces a pseudo tetrahedral geometry and the potential for tunability similar to 
the first-generation complexes.  
 
Synthesis of First- and Second-generation Copper Systems 
The original complex, [Cu(BMTPB)]2/1+published by muller and coworkers was reproduced 
and will be referred to as 7 with purification and reproducible yields.153 4-trifluoromethyl pyridine 
was oxidized using MCPBA with quantitative conversion. The oxidized intermediate was then 
subjected to trimethylsilyl cyanide and triethylamine to afford a cyanopyridine intermediate in 
71% yield. The fluorinated cyanopyridine was then stirred with methylhydrazine to synthesize the 
fluorinated amidrazone with low to moderate conversion. The final ligand was achieved by stirring 
the amidrazone intermediate with diphenic acyl chloride  and heating to cyclize the triazole 
fragment in 90% yield. First-generation copper complex 8 were afforded by mixing and equimolar 





Figure 37. Synthetic route for BMTTFPB final ligand. 
C-H bond arylation was performed by reacting 2-chloropyridine with 2-phenylpyridine to 
afford dipyridyl benzene. The dipyridyl intermediate was then reacted with methyl iodide in an 
equal volume ratio of dichloromethane and ether to control the mono-methylation of dipyridyl 
benzene. The dipyridyl salt was then oxidized using potassium ferricyanide and sodium hydroxide 
to afford the methyl pyridinone intermediate. The oxidized intermediate is then reacted with 
phosphorus bromide and phosphorus oxybromide to afford the brominated intermediate. Ullman 
coupling using the brominated intermediate would lead to the final ligand. Bis(ppy)bpy was then 
reacted with an equimolar ratio of copper salt to afford the second-generation system 9. 







Electrochemistry of First- and Second-Generation Copper Systems.  
A comparative scan was completed for copper systems 7 and 8 which provides information 
regarding a potential shift in the positive direction. Electrochemical analysis for 9 indicates some 
poor redox behavior, yet a linear fit which is indicative of a diffusional system (Figure 41). 
Incorporation of second-generation copper systems into DSCs is currently under investigation. 
 
 
Figure 39. Cyclic voltammetry of 1 mM of 7 (blue) and 8 (red) in anhydrous MeCN / 0.1 M TBAPF6. Glassy carbon 






















Figure 40. Cyclic voltammetry of 1 mM solution of 9 in anhydrous MeCN / 0.1 M TBAPF6. E1/2 = -0.382 V. Glassy 
























Figure 41. Scan rate (ν) dependence of a 1 mM solution of 9 in anhydrous MeCN / 0.1 M TBAPF6. Glassy carbon 
















































Figure 42. Plots for the effect of FSAM treatments films with copper systems 7 and 8. (top left) Nyquist plot. (top 
right) Electron lifetime versus open-circuit voltage. Charge extraction versus open circuit voltage (bottom). 
 
Photovoltaic Investigations of  Compounds 7 and 8.  
Redox shuttle systems, 7 and 8 were implemented into DSC devices. Organic dye, Y123 was 
selected for solar devices due to comparable energetics, familiarity within TiO2 surface coverage 
thus allowing compatible interfacing with positively charged redox shuttles, and direct literature 
assessments to [Co(bpy)3]
3/2+ based devices to gauge the Cu-shuttle device performance. Device 
efficiencies (PCEs) were calculated in respect to equation: PCE = (JSC x VOC x FF)/I0, Jsc is known 
as short-circuit current density, Voc is known as open-circuit voltage, FF is known as fill factor, 
and I0 is known as incident light intensity and set to 1 sun for this study. [Cu(BMTPB)]
2/1+-based 
DSC devices is shown having a high JSC value of 14.1 mA/cm




data value certainly compares to the universal [Co(bpy)3]
3/2+ standard device at 14.2 mA/cm2. 
Incident photon-to-current conversion efficiency (IPCE) curve shows a small bathochromic-
shifted IPCE curve for the 7 shuttle and a somewhat higher peak IPCE value for [Co(bpy)3]
3/2+ 
(80% versus 77%). Bathochromic-shift of the IPCE spectrum for 8 may be due either a down-shift 
in the TiO2 CB governed by the 7 shuttle encouraging a stronger charge injection or a pre-
association of the redox mediator to the dye shifting the energies of photoexcitation (see discussion 
below). The comparable photocurrent values show 7 is kinetically as effective as [Co(bpy)3]
3/2+ 
for shuttling electrons in the DSC device. Overall, the PCE of 4.1 % was attained for 7-based 
devices which is lower than [Co(bpy)3]
3/2+-based devices settling at 8.1% PCE. The result is due 
to both a lower photovoltage (641 mV versus 864 mV) and a lower FF (0.45 versus 0.67). We 
rationalized our low FF is due to interactions at the TiO2 surface and 7 shuttle system leading to 
unfavorable electron transfers (i.e. recombination). To investigate experimentally, 1H,1H,2H,2H-
perfluorooctyltrimethoxysilane (PFTS) was used as a fluorine self-assembled monolayer (FSAM) 
treatment and incorporated into fabricated 7-DSC devices. Insulation of the TiO2 surface layer 
with PFTS mitigates interactions with the copper redox mediator.156,157 Insulation treatment 
generally results in lower recombination of electrons from the TiO2 CB with the oxidized redox 
mediator, thus promoting higher FF values via electron diffusion away from the TiO2 electrode. 
PTFS consists of strongly coordinating silane groups which lowers device performance in  JSC 
values. The displacement of carboxylic acid bound dyes at the TiO2 surface even with short 
treatment times is observed but provides ample understanding if there are strong interactions 7 
shuttle system with the TiO2 surface. PFTS treated devices showed significant improvement of 
improved FF value (0.61 from 0.45), suggesting interactions with the TiO2 surface and 




versus 4.1% PCE) since the improvement in FF is largely counterbalanced by  the reduced JSC 
value (11.6 versus 14.1 mA/cm2). 8 system devices show significantly lower JSC values than 7-
based devices (10.2 versus 14.1 mA/cm2), however a higher VOC value of 678 mV (versus 641 
mV) is observed. ). The higher VOC value is associated with the lower energy oxidation potential 
of this redox shuttle through addition of electron accepting CF3 groups to the parent redox shuttle. 
The implementation of CF3 groups was ineffective at yielding a higher FF in the solar devices. An 
attempt for solid state cells via solvent evaporation in inert atmosphere or continuous illumination 
resulted in non-functional devices indicating that these shuttles were not functional as hole 
transport materials with selected conditions. 
 












Redox Shuttle Voc (V) Jsc (mA/cm2) FF PCE (%) 
Cu(BMTPB)[ClO₄]ᵪ[PF₆]ᵪ 0.641 14.1 0.45 4.11 
Cu(BMTTFPB)[ClO₄]ᵪ[PF₆]ᵪ 0.678 10.2 0.45 3.16 
Cu(BMTPB)[ClO₄]ᵪ[PF₆]ᵪ - FSAM 0.630 11.6 0.61 4.41 
Co(bpy)3 [PF6]x 0.864 14.2 0.67 8.06 
Table 1:  Standard Conditions: Electrode: 0.2 mM Y123 in acetonitrile (MeCN:t-BuOH, 1:1), 16 hours 
sensitization, 5.0 µm TiO2 active layer, 4.5 µm TiO2 scattering layer. Electrolyte: 0.20 M Cu(I) redox shuttle; 
0.04 M Cu(II) redox shuttle; 0.1 M LiTFSI, and 0.5 M TBP in MeCN. Counter electrode: platinum. 
 
Electrochemical impedance spectroscopy (EIS) studies in a non-illuminated environment were 
conducted to understand the interactions of TiO2 surface and 7 and 8. EIS Nyquist curve plots were 
attuned to the standard circuit with the small semi-circle involving the charge transfer resistance 
for the counter electrode and larger semi-circle involving the charge transfer resistance for the 
TiO2 dye/electrolyte interface (Figure 42). The platinum counter electrode charge transfer 
resistance results were  similar for 7 and 8 with respect to [Co(bpy)3]
3/2+. However, a significantly 
lower charge transfer resistance at the TiO2-dye/electrolyte interface is observed for 7 and 8
 in 
comparison to [Co(bpy)3]
3/2+. Faster recombination of electrons with [Co(bpy)3]
3/2+ is observed 
with the oxidized complex relative to that of I–/I3
– (demonstrated charge transfer by EIS). However, 
7 and 8 shuttles are more than likely to have a facile TiO2 CB recombination kinetics with the 
oxidized shuttle implied by the lower charge transfer resistance at the TiO2-dye/electrolyte 
interface. Lower charge transfer resistance can be attributed from the potential binding interactions 
of systems 7 and 8 with the TiO2 surface. An exposed copper center on the side opposite of the 
biphenyl group is reason enough to believe in said interactions. Devices treated with PFTS show 




the redox shuttle-TiO2 interactions may be limited or even diminished with this treatment. 
However, results with desired resistances were not observed even after insulation. 
Electron lifetimes were conducted via small modulation photovoltage transient measurements 
in DSC devices. Cu-shuttle based devices show very similar electron lifetimes, all which are lower 
than the [Co(bpy)3]
3/2+ benchmark system. Measurements were completed by moderating the 
intensity of light to control open circuit voltage values. Lighting has an effect on increasing the 
oxidized redox shuttle concentration as a photoinduced electron transfer from Y123 to TiO2 with 
subsequent neutral dye regeneration occurs. This measurement technique shows little difference 
between 7 and 8 with the increasing concentration of Cu2+ by photoinduction and the short electron 
lifetimes. Similar electron lifetimes were observed under illumination with the difference in 
photovoltage being difficult to explain purely through recombination events. Thus, charge 
extraction measurements were performed at varied VOC to gain an understanding in the capacitance 
change within these devices and also be related to shifts in the TiO2 CB (Figure 42).
155-157 
Capacitance versus open-circuit voltage diagrams display a higher VOC in the following order at 
constant capacitance:  [Cu(BMTPB)]2/1+ with FSAM = [Cu(BMTPB)]2/1+ without FSAM < 
[Cu(BMTTFPB)]2/1+ < [Co(bpy)3]
3/2+. The observed DSC device VOC trend is represented similarly 
of: [Cu(BMTPB)]2/1+ < [Cu(BMTTFPB)]2/1+ < [Co(bpy)3]
3/2+.  Our results again reinforce the idea 
first generation redox shuttles are closely interacting with the surface of TiO2 and possibly strong 
enough to result in a lower energy shift in the TiO2 CB. In regard to FSAM treatment, no dramatic 
change was observed in charge extraction measurements. This possibly due to the lowering of the 
TiO2 CB with FSAM treatment to a similar magnitude. 
Device Fabrication. DSC devices were prepared as follows: TEC 10 FTO glass (10 Ω/sq. 




cm squares. The substrate was submerged in a 0.2% Deconex 21 aqueous solution and sonicated 
for 15 minutes at room temperature. The electrodes were then rinsed with water and sonicated in 
acetone for 10 minutes followed by sonication in ethanol for 10 minutes. The electrodes were next 
placed under UV/ozone for 15 minutes (UV-Ozone Cleaning System, Model ProCleaner by 
UVFAB Systems). A TiO2 under layer was then applied by treatment of the substrate submerged 
in a 40 mM TiCl4 solution in water (prepared from 99.9% TiCl4 between 0-5 °C). The submerged 
substrates (conductive side up) were heated for 30 minutes at 70 °C. After heating, the substrates 
were rinsed first with water and then with ethanol. Active layer TiO2 (nanoparticle size, 38-31 nm, 
Greatcell, DN-GPS-30TS) was applied via screen printing (Sefar screen (90/230–48W) resulting 
in 5.0 μm TiO2 thickness. Scattering layer TiO2 (particle size, >100 nm, Solaronix R/SP) was 
applied via screen printing (Sefar screen (54/137–64W). Between each print, the substrate was 
heated for 7 minutes at 125 °C and the thickness was measured with a profilometer (Alpha-Step 
D-500 KLA Tencor). After the films were printed, the substrate was then sintered with progressive 
heating from 125 °C (5 minute ramp from r.t., 5 minute hold) to 325 °C (15 minute ramp from 125 
°C, 5 minute hold) to 375 oC (5 minute ramp from 325 °C, 5 minute hold) to 450 °C (5 minute 
ramp from 375 oC, 15 minute hold) to 500 °C (5 minute ramp from 450 oC, 15 minute hold) using 
a programmable furnace (Vulcan® 3-Series Model 3-550). The cooled sintered photoanode was 
soaked for 30 minutes at 70 °C in a 40 mM TiCl4 water solution and heated again at 500 °C for 30 
minutes prior to sensitization. The complete working electrode was prepared by immersing the 
TiO2 film into a room temperature 0.2 mM Y123 dye solution in 1:1 (MeCN:tert-butanol) with 
50x CDCA for 16 hours. PFTS treatment: For DSC devices using PFTS, the photoanode was 
submerged in a 0.1 M solution of 97% 1H,1H,2H,2H perfluorooctyltrimethoxysilane in hexanes 




then rinsed with hexanes post PFTS treatment. Counter Electrodes Fabrication: Two holes were 
drilled in 2x2 cm squares of TEC 7 FTO glass (Hartford Glass) using a Dremel-4000 with Dremel 
7134 Diamond Taper Point Bit under water from the non-conductive side through to the 
conductive side with tape on the FTO side to protect the surface. Electrodes were washed with 
water followed by rinsing with a 121:1 (v/v) mixture of EtOH/concentrated aqueous HCl, and 
sonication in an acetone bath for 10 minutes. Platinum was applied by slot printing a thin layer of 
Pt-paste (Solaronix, Platisol T/SP) with a punched Scotch tape piece on the conductive side. The 
electrodes were then heated at 450 °C for 10 minutes. Device Fabrication: The photoanode and 
cathode were sealed with a 25 μm thick hot melt film (Surlyn, Dupont) by heating the counter 
electrode at 130 °C under 0.15 psi pressure for 55 seconds. Devices were completed by filling the 
cells with electrolyte through the pre-drilled holes in the counter electrodes, and the holes were 
sealed with a Surlyn pre-cut circle and a thin glass cover by heating at 130 °C under pressure 0.1 
psi for 25 seconds. Cu(BMTPB)[OCl₄]ᵪ[PF₆]ᵪ and Cu(BMTTFPB)[OCl₄]ᵪ[PF₆]ᵪ electrolytes were 
comprosed of 0.2 M Cu(I), 0.04 M Cu(II), 0.1 M LiTFSI (TFSI = 
bis(trifluoromethanesulfonyl)imide), and 0.5 M TBP (TBP = 4-tert-butyl pyridine), in acetonitrile. 
Finally, soldered contacts were added with a MBR Ultrasonic soldering machine (model USS-
9210) with solder alloy (Cerasolzer wire dia 1.6 mm item # CS186-150). A circular black mask 
(active area 0.15 cm2) punched from black tape was used in the subsequent photovoltaic studies. 
Photovoltaic Characterization General Information. Photovoltaic characteristics were 
measured using a 300 W xenon lamp (Model SF300A, SCIENCETECH Inc. Class AAA) solar 
simulator equipped with an AM 1.5 G filter for a less than 2% spectral mismatch. Prior to each 
measurement, the solar simulator output was calibrated with a KG5 filtered mono-crystalline 




current density-voltage characteristic of each cell was obtained with a Keithley digital source meter 
(Model 2400). The incident photon-to-current conversion efficiency was measured with an IPCE 
instrument manufactured by Dyenamo comprised of a 175 W xenon lamp (CERMAX, Model 
LX175F), monochromator (Spectral Products, Model CM110, Czerny-Turner, dual-grating), filter 
wheel (Spectral Products, Model AB301T, fitted with filter AB3044 [440 nm high pass] and filter 
AB3051 [510 nm high pass]), a calibrated UV-enhanced silicon photodiode reference, and 
Dyenamo issued software. Electron lifetime measurements, also known as small modulation 
photovoltage transient measurements, were carried out with a Dyenamo Toolbox (DN-AE01) 
instrument and software. The intensity of the LED light source (Seoul Semiconductors, Natural 
White, S42182H, 450 nm to 750 nm emission) is varied to modulate the device open-circuit 
voltage. The base light intensity was modulated by applied voltages of 2.80, 2.85, 2.90, 2.95 and 
3.00 to the LED with the 3.00 V bias approaching 1 sun intensity (97% sun). The direction of 
illumination was from the photoanode to the counter electrode, and the device was positioned 5 
cm from the LED light source. The voltage rise and decay times are fitted with a Levenberg-
Marquardt fitting algorithm via LabView, and the electron lifetime was obtained from the 
averaging of rise and decay times. Charge extraction measurements at open circuit conditions 
(Qoc) as a function of light intensity were carried out with a Dyenamo Toolbox (DN-AE01) 
instrument and software. Different open-circuit values were achieved by the programmed control 
of a biased LED (description above) from 2.5 to 3.2 V. The LED is switched on for 1 s of 
illumination, then switched off for 10 s with a simultaneous switch to short-circuit conditions with 
a monitoring of current. The total charge is evaluated by integration  of the measured current over 




analyzer, potentiostat (CHI 6054E, AC Impedance technique) in the dark. EIS spectra were 
recorded over a frequency range of 100 mHz to 220 kHz. 
UV-Vis Spectroscopy. Characterization of the new fluorinated copper system 8 was followed and 
compared to that of its original complex 7. A small 10 nanometer (nm) blue shift is observed for 
the fluorinated complex with respect to the original complex. 
              
Figure 44. UV-vis spectra of 0.5 mM and 60 mM solutions of 8 denoted as A and B in anhydrous acetonitrile, 
respectively. The molar absorptivity (ε) of the ligand-based transition at 292 nm and the d-d transition at 780 nm were 
found to be 7150 and 90 L mol-1 cm-1, respectively. 
 
Density Functional Theory of Second-Generation System [9]. The second-generation copper 
system exhibits an unusual redox couple (Figure 39). Although strained at the bipyridyl core, 
density functional theory (DFT) shows an optimized pseudo tetrahedral geometry for this new 


























Figure 45. Density Functional Theory (DFT) optimized structure of second-generation copper redox shuttle 9. 
Hydrogen atoms were omitted for clarity. The geometry optimization was performed with the Gaussian 09 software 
using the WB97XD functional and LanL2DZ basis set for all atoms as implemented in the software.152 
 
Experimental Section for First- and Second- Generation Copper Systems. Cyclic voltammetry 
of copper systems was performed with either a Bioanalytical Systems (BASi) or CH Instruments 
potentiostat using a typical three-electrode cell equipped with a glassy carbon disk (3 mm dia.) 
working electrode, a platinum wire counter electrode, and a silver wire quasi-reference electrode. 
Catalysts were dissolved in dry MeCN containing 0.1 M tetra-n-butylammonium 
hexafluorophosphate (TBAPF6) as the supporting electrolyte. The potential was referenced at the 
end of experiments by adding ferrocene as an internal standard. All potentials are versus the 
ferrocenium/ferrocene (Fc+/0) couple. 
Synthetic Procedures. 
Cu(I/II) Bis methyl triazole pyridine biphenyl [7].   The copper system was synthesized according 
to the published procedures.153,154 
4-trifluoromethyl pyridine N-Oxide. 8.91 g (52 mmol) of m-chloroperoxybenzoic acid (MCPBA) 




added dropwise at room temperature. A minor exothermic reaction occurred with a white 
precipitate slowly appearing. The resulting mixture was left to stir at room temperature for 24 
hours. Isolation of the product was completed using column chromatography (SiO2) 
hexanes/diethyl ether (20:1) to remove MCPBA and residual impurities, then the product was 
eluted with acetone to obtain the oxidized intermediate (100% yield). 155 
4-trifluoromethyl-2-cyanopyridine.  The synthesis was completed following a patent with slight 
modifications. To an oven dried flask, 2.45 g (15 mmol) of 4-trifluoromethyl pyridine, N-Oxide 
was dissolved into 30 mL of dry acetonitrile. 4.20 mL (30 mmol) of triethylamine and 3.75 mL 
(30 mmol) of trimethylsilyl cyanide was added to the solution. The solution was then refluxed at 
90 °C for 24 hours. Purification was completed by distilling the reactants under reduced pressure, 
followed by a short silica column using dichloromethane as the eluent. The solvent was removed 
resulting in the intermediate as turbid brown oil. The oily intermediate matched given literature 
values (71% yield).156 
4-trifluoromethyl-2-amidrazone pyridine. 1.75 g (10 mmol) of trifluoromethyl cyanopyridine was 
dissolved in 5 mL of absolute ethanol. 1.05 mL (20 mmol) of methylhydrazine was added to the 
alcohol solution and stirred for 3 days at room temperature. The intermediate was isolated by 
removal of solvent at room temperature and washing with hexanes resulting in the amidrazone 
intermediate as a fine brown powder (isolated yield 30~55% depending on conversion). The 
amidrazone intermediate is temperature sensitive and should be stored in a freezer if not being 
used. 1H NMR (500 MHz, Chloroform-d) δ 8.65 (d, 1H), 8.32 (s, 1H), 7.43 (d, 1H), 5.15 (d, 2H), 
3.01 (s, 3H). 13C NMR (500 MHz, Chloroform-d) δ 38.72, 115.82, 118.67, 119.57, 121.74, 123.91, 






Figure 46. 1H NMR (top) and 13C NMR (bottom) of 4-trifluoromethyl-2-amidrazone pyridine. Quartet splitting 
signals in the 13C NMR are a result of the fluorinated carbon and adjacent carbon atom. 
 
Diphenic Acyl Chloride.  5.0 g of Diphenic acid is dissolved into 5 mL of thionyl chloride and 




forming a yellow-white suspension. The acyl chloride was isolated under reduced pressure 
resulting in quantitative conversion of the acid.153 
2,2’-bis(methyltriazole-4-trifluoromethylpyridine)-biphenyl.  The synthesis was adapted from a 
similar procedure. Diphenic acyl chloride (0.275 g, 1 mmol) was dissolved into 10 mL of THF.  In 
a separate flask, the amidrazone intermediate (0.436 g, 2 mmol) was dissolved into a 25 mL 
solution of THF. Triethylamine (0.253 g, 2.5 mmol) was added to the amidrazone solution and 
vigorously stirred at 0 °C for 10 minutes. While maintaining 0 °C, the diphenic acyl chloride 
solution was added dropwise resulting in an exothermic reaction and formation of a yellowish 
white suspension. The suspension was allowed to stir for an hour at 0 ºC and isolated via frit funnel. 
The solid was washed with a mixture of methanol and water (1:2) three times. The resulting white 
precipitate was then heated to 250 °C for until forming a brown clear melt. The oily melt was 
cooled to room temperature and dissolved into acetone. The solvent was removed under reduced 
pressure making foam-like powder. To ensure full cyclization of the amide intermediate, the foam 
was heated at 80 °C under reduced pressure until a tan crystalline powder appeared (90% yield). 
1H NMR 500 MHz, Chloroform-d; δ 8.73 (d, 2H), 8.05 (s, 2H), 7.61 (dd, 2H), 7.53 (dd, 2H), 7.49 
(dd, 2H), 7.41 (dd, 2H), 7.37 (dd, 2H), 3.51 (s, 6H). 13C NMR (500 MHz, Chloroform-d) δ 159.75, 
155.15, 150.81, 150.62, 139.88, 139.19, 138.93, 138.67, 131.67, 131.26, 130.93, 128.31, 126.76, 








Figure 47. 1H NMR (top) and 13C NMR (bottom) of BMTTFPB ligand. Quartet splitting signals are justified from the 
fluorinated carbon splitting as well as its adjacent carbon atom. 
 
Copper(II/I) BMTTFPB.  The synthesis of the copper shuttles was completed by stirring an 




[CuII(ClO4)2]•6H2O. The mixture was stirred for 24 hours at room temperature resulting in a 
colored precipitate. The following colors were reddish orange and grass green for Cu(I) and Cu(II) 
complexes respectively. Crystallization was completed with ether diffusion into acetonitrile. 
HRMS: [M+] = C30H20F6N8Cu calculated: 669.1011; found: 669.1034. Elemental Analysis 
calculated for C30H20F6N8Cu + 2 H2O: C 42.34, H 2.84, N 13.17 found; C 40.97, H 2.55, N 12.37. 
1H NMR: (completed using Cu(I) complex and trace amounts of hydrazine) CD3CN; δ 8.58, 8.02, 
7.90, 7.72, 7.68, 7.61, 7.47, 3.67. 
 
Figure 48. 1H NMR of Cu(I) BMTTFPB complex in CD3CN. A small addition of hydrazine monohydrate was used 
to maintain a diamagnetic copper system. 
 
1,2-dipyridylbenzene. The mono-substituted intermediate was synthesized and isolated according 
to previous literature.157 
N-methylpyridinium-(phenylpyridine) iodide. 0.150 g (0.6 mmol) of dipyridyl benzene was 
dissolved into 10 mL a 1:1 ratio of dichloromethane and ether. 0.275 g (1.8 mmol) of methyl iodide 




was isolated by adding the mixture to 50 mL of ether followed by filtration resulting in a light 
yellowish white powder. 214 mg (90% yield). 1H NMR – D2O; δ 8.68 (1H), 8.45 (1H), 8.32 (1H), 
7.96 (2H), 7.88 (2H), 7.79 (1H), 7.65 (1H), 7.58 (1H), 7.37 (1H), 3.89 (3H). 13C NMR - D2O; δ 
156.11, 155.72, 149.00, 145.50, 144.90, 139.00, 138.45, 131.96, 130.65, 130.08, 129.68, 126.51, 
124.27, 123.39, 46.23. HRMS; calculated [C17H15N2+]: 247.1235, reported: 247.1193 
 
 





N-methyl-pyridinone-(phenylpyridine). 0.500 g (1.34 mmol) of N-methylpyridinium-
(phenylpyridine) iodide, 2.13 g (0.053 mmol) of NaOH, and 2.48 g (6.7 mmol) of 
K3Fe(CN)6•3H2O were dissolved individually into 35 mL solution each (total 105 mL). 
K3Fe(CN)6•3H2O solution was cooled to 0 °C in an ice bath. The methylated intermediate and 
NaOH were added dropwise to this solution at a rate that the NaOH addition was completed by 
the time the methylated intermediate as half way dispensed. The mixture was then left to stir at 
room temperature for 72 hours which resulted in a precipitate to form. The aqueous layer was 
extracted with dichloromethane and dried over sodium sulfate. The organic layer was then purified 
using a short silica column and DCM to isolate the pyridinone intermediate as brown oil. The 
solvent was removed under vacuum in a warm water bath leading to an oily substance which then 
became a brown solid when left to cool. (yield 65%) 1H NMR – Acetone-D6; δ 8.48 (1H), 7.82 
(1H), 7.74 (1H), 7.63 (1H), 7.57 (1H), 7.45 (2H), 7.23 (1H), 6.23 (1H), 5.86 (1H), 3.13 (3H), 2.96 
(1H). 13C NMR - Acetone-D6; δ 163.35, 158.43, 151.25, 150.14, 140.92, 138.98, 137.29, 135.31, 
131.18, 129.49, 129.40, 129.33 123.84, 123.22, 118.46, 107.43. HRMS; calculated 






Figure 50. 1H NMR (top) and 13C NMR (bottom) of (N-methylpyridione)phenylpyridine. 
 
2-(bromopyridine)phenylpyridine. 0.150 g (0.5 mmol) of 3 was prepared in a screwcap pressure 
flask under a glovebox atmosphere. 0.310 g (1 mmol) and 0.328 g (1 mmol) of PBr3 and POBr3 




The mixture was heated to 105 °C for 24 hours and cooled to room temperature. 5 mL of NH4OH 
(30%) solution was slowly added to the reaction flask to quench unreacted phosphorus bromide 
reagents and basify the solution. A precipitate formed in solution and an additional 10 mL of water 
was added to the ammonia solution and stirred in the reaction flask. The resulting yellowish-brown 
solid was isolated via filtration and dissolved into DCM after discarding the basic aqueous layer. 
The organic solvent was removed under reduced pressure resulting in a light yellow solid and used 
without further purification (71% yield). 1H NMR – DMSO-D6; δ 8.44 (1H), 7.73 (1H), 7.62 (2H), 
7.59 (3H), 7.57 (1H), 7.47 (1H), 7.23 (1H), 7.10 (1H). 13C NMR – DMSO-D6; δ 160.32, 158.80, 
149.40, 140.96, 140.28, 139.71, 138.23, 136.75, 130.82, 130.74, 129.51, 129.01, 126.34, 124.68, 






Figure 51. 1H NMR (top) and 13C NMR (bottom) of 2-(bromopyridine)phenylpyridine. 
 
Bis(phenylpyridine)bipyridine. 0.500 g (1.6 mmol) of 4 was dissolved into 30 mL of a 1:1 mixture 
of both dry THF and MeCN. 0.210 g (3.2 mmol) of zinc dust, 0.930 g (2.4 mmol) of tetraethyl 
ammonium iodide, and 1.054 g (1.6 mmol) of bis(triphenylphosphine)NiCl2 were added to the 
solution. The mixture was heated to 65 °C for 72 hours or monitored by NMR until completion of 
the desired product. The mixture was dried and subjected to short silica column using DCM while 
warm to remove the Ullmann salts. Column chromatography was used to separate the product 
using (9:1) hexanes:EtOAc. 
Copper(II) and (I) bis(ppy)bpy. The synthesis of the copper(II/I) shuttles was completed by stirring 
an equimolar ratio of copper salt and bis(ppy)bpy dissolved in dry acetonitrile (5 mL). The mixture 
was stirred for 24 hours at room temperature resulting in a green colored precipitate for Cu(II). 
Crystallization was completed with ether diffusion into acetone. HRMS: calculated for 






 A unique proton-coupled reduction of CO2 using rhenium tpy has been explored. Proton 
sources with higher pKas (MeOH and H2O) were screened and showed selectivity for CO2 
reduction and catalysis at the first reduction. However, more acidic proton sources with lower pKas 
(TFE and phenol) favor proton reduction to generate hydrogen. Importantly, rhenium(m-tpy) 
shows proton-dependent catalysis at the first reduction whereas its isomeric counterpart, in which 
the free nitrogen is oriented away from the active site, does not show this activity but rather similar 
behavior to that of Re(CO)3Cl(bpy). A detailed mechanism to understand the role of the pendant 
pyridine is currently being investigated. 
 First-generation copper systems supported by rigid tetradentate ligand platforms are shown to 
be promising redox mediators. Trifluoromethyl substituents successfully shifted the Cu(II/I) redox 
potential higher but with a modest decrease in photo-to-current efficiencies when employed in 
DSCs. FSAM treatment was shown to block the interaction of the copper complexes with the TiO2 
layer as confirmed by impedance scans. Second-generation copper systems are currently being 
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